Among many factors, the epithelium lining the oviductal lumenis very important for the development of the oocyte and its subsequent fertilization. The oviductal epithelium is characterized by the presence of ciliary cells, supporting the movement of cumulus-oocyte complexes towards the uterus. By interacting with the semen, the epithelium of the fallopian tube makes the sperm acquire the ability to fertilize. So far, the exact molecular mechanisms of these changes have not been known. Hence, understanding the metabolism of oviduct epithelial cells and the level of expression of individual groups of genes seems to be a way to deepen the knowledge about the broadly understood reproduction. In our research, we decided to culture oviductal epithelial cells (OECs) in vitro for a long period of time. After 24h, 7, 15 and 30 days, the OECs were harvested, with their RNA isolated. Transcriptomic changes were analyzed using microarrays. The "cellular response to lipid" group was represented by the following genes: MUC1, CYP24A1, KLF4, IL24, SNAI2, CXCL10, PPARD, TNC, ABCA10, while the genes belonging to the "cellular lipid metabolic processes" were: LIPG, ARSK, ACADL, FADS3, P2RX7, ACSS2, PPARD, KITLG, SPTLC3, ERBB3, KLF4, CRABP2. Additionally, PPARD and ACADL were members of the "fatty acid beta-oxidation" ontology group. Our study describes genes that are not directly related to fertility processes. However, significant changes in their expression in in vitro cultured OECs may indicate their usefulness as markers of OECs' physiological processes.
Introduction
Fertility is a complicated phenomenon success of which is influenced by many factors. It is known that oocytes mature gradually, with only oocytes maintained under excellent conditions are able to progress past the MII stage [1] . Many studies focus on factors determining the reproductive capacity of oocytes, expression of their genes and in vitro maturation. It is obvious that oocytes play a key role here, but if it were not for the mechanisms surrounding the ovum, it would be impossible to obtain the right conditions for fertilization [2] . Among many factors, the epithelium lining the lumen of the fallopian tubes is very important for the development of the oocyte and its subsequent fertilization [3] . The oviductalepithelium is characterized by the presence of ciliary cells, supporting the movement of cumulus-oocyte complexes towards the uterus. By interacting with the semen, the epithelium of the fallopian tube allows the sperm to acquire the ability to fertilize [4] . The transport of spermatozoa through the female reproductive tract seemsto be an especially important stage [5] . So far, the exact molecular mechanisms of these changes have not been discovered. Hence, understanding the metabolism of oviduct epithelial cells and the level of expression of individual groups of genes seems to be a way to deepen the knowledge about the broadly understood reproduction.
The aim of our research was to maintain the culture of epithelial cells of the porcine fallopian tube in primary culture. We carried out this culture over a long term, lasting up to 30 days. We have made observations of biochemical and morphological changes occurring during the cell culture. We analyzed the expression profile of genes responsible for regulating the metabolism of fatty acids and cellular response to lipids. As there are reports of the negative effects of non-esterified fatty acids (NEFA) on the reproductive system [5, 6] , we decided to study their metabolism in oviductal epithelial cells (OECs).
Material and methods

Animals
In this study, crossbred gilts (n=45) at the age of about nine months and which displayed at least two regular estrous cycles were collected from a commercial herd. All the animals were checked daily for estrus behavior and were slaughtered after reaching the anestrus phase of the estrus cycle. The uteri were then transported to the laboratory within 30 min at 38 °C.
Oviductal epithelial cells (OECs) selection and culture
Oviducts were washed twice in Dulbecco's phosphate buffered saline (PBS) (137 mM NaCl, 27 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4). Epithelial cells were removed using sterile surgical blades. Then, the epithelium was incubated with collagenase I (Sigma Aldrich, Madison, USA), 1mg/ mL in Dubecco's modified Eagle's medium (DMEM; Sigma Aldrich, Madison, USA) for 1 h at 37oC. The cell suspension obtained from this digestion was filtered through 40 μm pore size strainer to remove blood and single cells. The residue was collected by rinsing the strainer with DMEM. The cells were then centrifuged (200 x g, 10 min.). Next, they were washed in PBS and centrifuged again. Later, they were incubated with 0.5% Trypsin/EDTA (Sigma Aldrich, Madison, USA) at 37oC for 10 min. The reaction was stopped with fetal calf serum (FCS; Sigma Aldrich, Madison, USA). After incubation, the cells were filtered and centrifuged for the last time. The final cell pellet was suspended in DMEM, supplemented with 10% FCS, 100U/mL penicillin, 100 μg/mL streptomycin and 1μg/mL amphotericin B. The cells were cultured at 37˚C in a humidified atmosphere of 5% CO2. Once the OEC cultures attained 70-80% confluency, they were passaged by washing with PBS, digested with 0.025% Trypsin/ EDTA, neutralized by a 0.0125% trypsin inhibitor (Cascade Biologics, Portland, USA), centrifuged, and resuspended at a seeding density of 2*10 4 cells/ cm2. The culture medium was changed every three days. The culture was maintained for 30 days.
RNA extraction from oviductal epithelial cells (OECs)
Oviductal epithelial cell were pooled and harvested 24h, 7 days, 15 days and 30 days after the beginning of culture. Total RNA was extracted from the samples using TRI Reagent (Sigma, St Louis, MO, USA) and RNeasy MinElute cleanup Kit (Qiagen, Hilden, Germany). The total mRNA amount was determined from the optical density at 260 nm, and the RNA purity was estimated using the 260/280 nm absorption ratio (higher than 1.8) (NanoDrop spectrophotometer, Thermo Scientific, ALAB, Poland). The RNA integrity and quality were checked on a Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara, CA, USA). The resulting RNA integrity numbers (RINs) were between 8.5 and 10 with an average of 9.2 (Agilent Technologies, Inc., Santa Clara, CA, USA). The RNA in each sample was diluted to a concentration of 100 ng/μl with an OD260/ OD280 ratio of 1.8/2.0. From each RNA sample, 100 ng of RNA was taken for microarray expression assays.
Microarray expression analysis and statistics
Total RNA (100 ng) from each pooled sample was subjected to two rounds of sense cDNA amplification (Ambion® WT Expression Kit). The obtained cDNA was used for biotin labeling and fragmentation using Affymetrix GeneChip® WT Terminal Labeling and Hybridization (Affymetrix, Santa Clara, CA, USA). Biotin-labeled fragments of cDNA (5.5 μg)
were hybridized to the Affymetrix® Porcine Gene 1.1 ST Array Strip (48°C/20 h). Microarrays were then washed and stained, according to the technical protocol, using the Affymetrix GeneAtlas Fluidics Station. The array strips were scanned employing the Imaging Station of the GeneAtlas System. Preliminary analysis of the scanned chips was performed using Affymetrix GeneAtlas TM Operating Software. The quality of gene expression data was confirmed according to the quality control criteria provided by the software. The obtained CEL files were imported into downstream data analysis software.
All of the presented analyses and graphs were compiled using Bioconductor and R programming languages. Each CEL file was merged with a description file. To correct background, normalize, and summarize results, we used the Robust Multiarray Averaging (RMA) algorithm. To determine the statistical significance of the analyzed genes, moderated t-statistics from the empirical Bayes method were performed. The obtained p-value was corrected for multiple comparisons using Benjamini and Hochberg's false discovery rate. Selection of significantly altered genes was based on a p-value beneath 0.05 and expression higher than two-fold.
Differentially expressed genes were subjected selection by examination of genes involved in oxygen metabolism. The differentially expressed gene list (separated for up-and down-regulated genes) was uploaded to the DAVID software (Database for Annotation, Visualization and Integrated Discovery) [7] , where genes belonging to the terms of all four Gene Ontologies (GOs) of interest were extracted. Expression data of these genes was also subjected to a hierarchical clusterization procedure, with their expression values presented as a heat map.
Subsequently, we analyzed the relation between the genes belonging to the chosen GO terms using theGOplot package [8] . The GoPlot package had calculated the z-score: the number of up-regulated genes minus the number of down-regulated genes divided by the square root of the count. This information allowed to estimate the change course of each gene-ontology term.
Interactions between differentially expressed genes/proteins belonging to the studied gene ontology groups were investigated by the STRING10 software (Search Tool for the Retrieval of Interacting Genes) [9] . The list of gene names was used as a query for interaction prediction. The search criteria were based on co-occurrences of genes/proteins in scientific texts (text mining), co-expression, and experimentally observed interactions. The results of such analyses generated a gene/protein interaction network where the intensity of the edges reflected the strength of the interaction score.
Finally, the functional interactions between genes that belongs to the chosen GO BP terms were investigated by the REACTOME FIViz application to the Cytoscape 3.6.0 software. The ReactomeFIViz app is designed to find pathways and network patterns related to cancer and other types of diseases. This app accesses the pathways stored in the Reactome database, allowing to perform pathway enrichment analysis for a set of genes, visualize hit pathways using manually laid-out pathway diagrams directly in Cytoscape, and investigate functional relationships among genes in hit pathways. The app can also access the Reactome Functional Interaction (FI) network, a highly reliable, manually curated pathway-based protein functional interaction network covering over 60% of human proteins.
Ethical approval
The research related to animal use has been complied with all the relevant national regulations and instructional policies for the care and use of animals. Bioethical Committee approval no. 83/2012/DNT.
Results
Whole transcriptome profiling with Affymetrix microarrays allows us to analyze the gene expression changes between 7, 15 and 30 days of porcine oviductal epithelial cell culture. Using Affymetrix® Porcine Gene 1.1 ST Array Strip, we have examined the expression of 12257 transcripts. Genes with fold change higher than abs (2) and with corrected p-value lower than 0.05 were considered as differentially expressed. This set of genes consists of 2533 different transcripts.
DAVID (Database for Annotation, Visualization and Integrated Discovery) software was used for extraction of gene ontology biological process terms (GO BP) that contain differently expressed transcripts. Up and down regulated gene sets were subjected to the DAVID search separately and only gene sets with adj. p-value lower than 0.05 were selected. The DAVID software analysis showed that the differently expressed genes belonged to 657 Gene ontology terms. In this paper, we focused on 166 genes that belong to "cellular lipid metabolic process", "cellular response to lipid" and "fatty acid beta-oxidation"GO BP terms. These sets of genes were subjected to hierarchical clusterization procedure and presented as heatmaps (Fig. 1) . The gene symbols, fold changes in expression, Entrez gene IDs and corrected p-values of these genes were shown in table 1.
The enrichment of each GO BP term was calculated as a z-score and shown on the circle diagram (Fig. 2) .
The chosen GO BP terms contain 166 differently expressed genes. Therefore, we calculated the mean fold change ratio value of each gene between 7, 15 and 30 days of culture. Based on that criteria, we chose the 10 most downregulated and 10 most upregulated genes for further analysis.
In Gene Ontology database, genes that form one particular GO can also belong to other GO term categories. For this reason, we explored the gene in-tersections between the selected GO BP terms. The relation between those GO BP terms was presented as circle plot (Fig. 3) as well as heatmap ( Fig. 4) .
STRING interaction network was generated among the differentially expressed genes belonging to each of the selected GO BP terms. Using such prediction method provided us with a molecular interaction network formed between protein products of the studied genes ( Fig. 5) .
Finally, we investigated the functional interactions between the chosen genes with REACTOME FIViz app to the Cytoscape 3.6.0 software. The results were shown in (Fig. 6 ).
Discussion
Increasing food demand observed nowadays is connected with the necessity of more efficient acquisition of raw animal materials. Attempts are be-FIGURE 1 Heat map representation of differentially expressed genes belonging to the to "cellular lipid metabolic process", "cellular response to lipid" and "fatty acid beta-oxidation" GO BP terms. Arbitrary signal intensity acquired from microarray analysis is represented by colours (green, higher; red, lower expression). Log2 signal intensity values for any single gene were resized to Row Z-Score scale (from -2, the lowest expression to +2, the highest expression for single gene) Heatmap showing the gene occurrence between differently expressed genes that belongs to the "cellular lipid metabolic process", "cellular response to lipid" and "fatty acid beta-oxidation" GO BP terms. The yellow color is associated with gene occurrence in the GO Term. The intensity of the color is corresponding to amount of GO BP terms that each gene belongs to FIGURE 5 STRING-generated interaction occurrence between differently expressed genes that belongs to the "cellular lipid metabolic process", "cellular response to lipid" and "fatty acid beta-oxidation" GO BP terms. The intensity of the edges reflects the strength of interaction score FIGURE 6 Functional interaction (FI) between differently expressed genes that belongs to the "cellular lipid metabolic process", "cellular response to lipid" and "fatty acid beta-oxidation" GO BP terms. In following figure "->" stands for activating/catalyzing, "-|" for inhibition, "-" for FIs extracted from complexes or inputs, and "---" for predicted FIs ing made to increase the reproductive capacity of various animal species. Most often, this is achieved through introduction of more caloric diets. The metabolic pathways associated with fat management are also changing. Increasingly, the cause of metabolic disorders is attributed to elevated NEFA levels in the blood. It has also been shown that high values of these fatty acids may have an effect on the deterioration of reproductive rates in animals and humans [10] [11] [12] .Studies using in vitro cultured bovine OECs have shown that increased NEFA levels may adversely affect the physiology of these cells, but not their morphology. The consequence of these physiological changes may be a decrease in the reproductive capacity of dairy cattle [13] . Recent studies have described the role of fatty acids in the function of sperm in the oviducts of hens [14] . The important role of fatty acids in sperm viability has been proven in this study. On the other hand, other studies carried out on in vitro cultured porcine oocytes showed a significant improvement in both nuclear and cytoplasmic maturation of oocytes after treatment with 100 μ ALA (alpha-linolenic acid) [15] .
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In our research we focused on genes related to the widely understood metabolism of fatty acids. The results of this study showed genes belonging to three ontological groups, each of which was associated with lipids. Not all these genes are closely related to the reproductive system in pigs, including the fallopian tube. Nevertheless, some of these genes are linked to animal reproductive aspects.
In our in vitro OEC culture studies, we demonstrated significant changes in expression of genes belonging to three main ontological groups: "cellular lipid metabolic processes", "cellular response to lipid" and "fatty acid beta-oxidation". The last-mentioned group included two genes: PPARD and ACADL, which showed up-regulation after in vitro culture (IVC). The PPARD gene (peroxisome proliferator activated receptor delta) participates in fat metabolism, but also has a role in differentiation towards adipocytes [16] .
In "Cellular lipid metabolic processes" and "fatty acid beta-oxidation" the general trend of expression was increasing, as the genes showed up-regulation after the first day of culture. The "cellular response to lipid" group, on the other hand, showed more differentiated expression pattern, with a slight down-regulation predominance after the first day of the experiment.
The "cellular response to lipid" group was represented by the following genes: MUC1, CYP24A1, KLF4, IL24, SNAI2, CXCL10, which all showed down-regulation. The remaining 3 genes from this group (PPARD, TNC, ABCA10) showed up-regulation. The above mentioned PPARD gene is a member of all three described groups of genes. The remaining 12 genes form the "cellular lipid metabolic processes" GO, and showed increased (LIPG, ARSK, ACADL, FADS3, P2RX7, ACSS2, PPARD, KITLG), as well as decreased expression (SPTLC3, ERBB3, KLF4, CRABP2).
The CRABP2 gene (cellular retinoic acid binding protein 2), belonging to the family of lipoproteins, plays a very important role in the metabolism of retinoic acid (RA) and its intracellular transport. Studies conducted on mouse embryos have shown that both CRABP1 and CRABP2 transcripts show specific distribution patterns and play an important role in the embryo development processes [17] .
Expression of the SPTLC3 gene (serine palmitoyl transferase long chain base subunit 3) leads to the formation of the serine palmitoyl transferase subunit, which takes part in the biosynthesis of sphingolipids [18] .
The MUC1 gene expression is responsible for the formation of mucin proteins, which are characteristic for epithelia. Mucins are responsible for creating a barrier on the surface of the epithelium and are also involved in intracellular signal transmission [19] . MUC1 is considered to be one of the epithelial markers of porcine embryo pluripotent cells [20] . A decrease in MUC1 gene expression in the endometrium is responsible for a decrease in the rate of embryo implantation in humans [21] .
The KITLG gene (KIT ligand), exhibiting increased expression in the OEC in vitro culture, is related to the development of, among others, stem cell or germ cell populationin reproductive organs, and its mutations may lead to porcine infertility [22] .Its role is also described in maintaining the viability of primary germ cells. Studies of porcine uteri suggest that it also has a role in uterine intracellular communication [23] .
The family of ABC transporters, to which belongs the ABCA1 gene (ATP binding cassette subfamily A member 1) shows an involvement in the metabolism of steroids and fetal development, which is important in gametogenesis and folliculogenesis [24] .
The bovine oviduct epithelial cells (BOECs) were examined for the effect of increased NEFA concentration. These studies showed that elevated NEFAs had an effect on the metabolism of BOECs. Additionally, the study suggests that the fallopian tube can significantly influence the conditions of early embryo development [25] .
Significant changes in gene expression observed in our in vitro cultured OECs may indicate their potential role as markers of OECs development in pigs. Thanks to advanced molecular analyses we can get closer to a deeper understanding of the mechanisms controlling the changes in the epithelium of the fallopian tube and its correlation with the reproductive cells, both male and female.
